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The low-frequency transverse collimator impedance constitutes a major part of the LHC
impedance budget. In this paper numerical simulations for frequencies below 1 MHz
using a commercial package are presented. From the 3D field solution of the two-wire
simulations the transverse impedance is directly calculated. After a cross-check with
theory for rotationally symmetric structures a geometry with two jaws and an LHC
graphite collimator is examined. Furthermore, a simple physics picture that explains





The transverse impedance of the LHC collimators is a serious challenge for machine
operation at nominal intensity, and even more so for future intensity upgrades [1]. For
the calculation of the stability diagram the beam coupling impedance has to be known
at the frequencies of the unstable modes. These near multiples of the 40 MHz bunch
repetition frequency (high frequency part) and multiples of the revolution frequency of
11 kHz (low frequency part). We will refer here to the components below 1 MHz as the
low frequency impedance.
For the collimators the total effect of the transverse impedance has been measured
with beam in the CERN SPS [2]. The high frequency (HF) transverse impedance ZTR
is rather well understood from analytic calculations, numeric simulations and measure-
ments [3, 4, 5]. As for the low frequency (LF) impedance, the situation is less clear.
Theories have been evolving considerably during recent years and measurements are
tricky. On the simulation side the standard RF codes have been tried, but don’t work
well below 1 MHz due to poor convergence. However, there are other tools which are
optimized for LF problems, e.g. for the design of non-destructive testing devices using
eddy currents or the optimization of transformers. Examples of commercial packages
are CST EM Studio and Ansoft Maxwell [6, 7]. The latter was used, since a licensed
version was available at CERN.
2 Concept
In this paper the concept of wire simulations is used. The beam inside a device under
test (DUT) is represented by a thin wire. This is justified by the fact that the field of
the transverse electromagnetic (TEM) wave in the resulting coaxial structure is very
similar to the field induced by an ultrarelativistic charge. For the determination of
the longitudinal impedance a single wire in the center of the beam pipe is used, while
two wires in phase opposition are needed to create the dipolar field associated with
the transverse impedance. Theoretical and measurement aspects are described in more
detail e.g. in [8, 9, 10].
In general, in RF simulations a TEM wave is propagated along the coaxial structure
consisting of the DUT and the single wire. To first order, the real part of the longitudinal
impedance Z is proportional to the power lost in the DUT and the imaginary part to the
phase shift of the wave (log formula). To determine ZTR a measurement or simulation
with two wires is done, but <{ZTR} is still proportional to the power lost and ={ZTR}
to the phase shift. While RF simulations and measurements often directly yield the
S parameters, for LF simulations the situation is slightly more complicated. However,
if the full 3D EM fields can be calculated, it is possible to determine the complex
impedances.
2.1 Model
The geometry used for the simulations of the horizontal ZTR is shown in Fig. 1. Two
wires with a radius of rw = 1.5 mm spaced by a = 3 mm are situated inside a cylindrical
DUT with inner radius ri = 5 mm and outer radius ra = 15 mm. The wire spacing ∆
was chosen as less than one third of the aperture in order to have most of the H field
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Figure 1: Model for a ZTR simulation of a cylindrical DUT (grey). The beam goes along
the z axis. The dipolar field is excited with two wires (red).
power between the wires while still avoiding too small wires which are difficult to mesh.
Outside the DUT a perfect conductor (PEC) was modeled. The beam runs along the
z axis. Only a very thin slice of an infinitely long structure (l = 5 mm thickness) was
used.
The excitation of the structure is done using discrete current ports, which “pump”
current into each wire on one side of the structure and out of it on the other side. The
two wires are excited with opposite phases in order to provide the magnetic dipole field
necessary for the determination of ZTR . When solving the problem it is possible either
to chose a direct solution of Maxwell’s Equations without theoretical approximations
or to neglect the influence of the displacement current in Ampere’s Law. The latter is
usually possible for LF magnetic field problems, but since the simulation time was not
excessive the full solution was used here.
In order to reduce the model size symmetry planes were defined (Fig. 2): the magnetic
field is purely tangential to the xz plane (left boundary) and purely normal to the yz
plane (bottom boundary).
Since we are most interested in the fields inside the DUT a manual meshing was done
there, limiting the mesh cells to 2 mm in length (Fig. 3). This corresponds to one skin
depth in graphite (σ ≈ 6 · 104 S/m) at 1 MHz. For copper (σ ≈ 6 · 107 S/m) reasonable
results were obtained up to 10 to 100 kHz with the same meshing. Automatic mesh
refinement was used for the beam aperture. Since the magnetic field is high between the
two wires lots of mesh cells are required in this region. The number of meshing iterations
could be reduced by using polygonal cross-section wires, e.g. octagons instead of circular
wires. This is because by default the latter are represented by polygons with a large
number of sides, which gives rise to an unnecessary fine meshing around the wires.
Fig. 3(a) shows the magnetic field inside the structure. It is maximum between the
wires in the zy plane. In the conducting DUT this H field induces eddy currents J ,
which are depicted in Fig. 3(b).
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Figure 2: Optimized model for a ZTR simulation. The structure size is reduced by the
application of two symmetry planes and only one quarter is meshed. The beam goes
along the z axis on the bottom left edge.
(a) Magnetic field. (b) Current density.
Figure 3: The field solutions in a round structure at 1 Hz. Logarithmic scaling is used
for the color coding.
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2.2 Evaluation
In the following we concentrate on <{ZTR}, which is related to the losses in the DUT.
The DUT together with one/two wires for the longitudindinal/transverse impedance is
considered as a homogeneous transmission line. The power P of a wave traveling along
this line decreases as [11]
P = P0e−2αz, (1)
where P0 is the power at the beginning of the line, α the attenuation coefficient and z
the position on the line. By differentiation









where δP is the modulus of the power lost over the short distance δz. The transmission
coefficient S21 for this line is given by
S21 = e−αδz. (3)
Using the log formula the distributed impedance Z is given by [10]
Z = −2Z0 lnS21 (4)
and for the real part
<{Z} = Z0 δP
P
(5)










and the dependance on the line impedance cancels. For single wire measurements Z








where ∆ is the spacing of two very thin wires and l the structure length. For wires
with finite diameter d spaced by a the equivalent spacing of infinitely thin wires can be
calculated from ∆ =
√








In a simulation δP is calculated by integrating the losses over the volume of the DUT.
The main approximations involved are related to the log formula and the two wire
method. Since we have an ideal distributed impedance the log formula should provide
a good estimation of the impedance. As for the two wire method, the error in the
evaluation of ZTR due to a finite wire spacing is small provided that ∆/D . 0.3 [8].
The error due to the perturbation in the dipolar field from the finite wire spacing is
harder to estimate, but ∆/D . 0.3 appears to be a reasonable criterion, as well.
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ZTR ∝ f ZTR ∝ f
1/2
Figure 4: The typical behaviour of the real part of ZTR : at low frequencies ZTR ∝ f
due to eddy currents and at high frequencies ZTR ∝
√
f due to the skin effect.
2.3 Physics picture
The principal frequency dependence of the real part of the longitudinal impedance can
be understood by an easy argument. We consider a beam (wire) going through an at
least weakly conducting DUT embedded in a perfect conductor. The case of a DUT in
free space corresponds to PEC at a very large distance. At DC all the currents flow
in the PEC. There are no losses and the impedance is zero. For very low frequencies
the beam-induced magnetic field in turn induces currents in the DUT according to
Faraday’s law
∇× E = −dB
dt
(10)
The displacement currents can still be neglected. For harmonic excitation we get E ∝ f ,
which gives rise to eddy currents with the same frequency dependence J ∝ f . Then
the losses P ∝ f2, which with Equation 7 leads to Z ∝ f2. At very high frequencies all
the current flows on the innermost layer of the DUT. Due to the skin effect the losses
increase with
√
f and so does Z.
For ZTR the same argument is valid starting with a dipolar magnetic field. According
to Equ. 8 ZTR ∝ Z/f . Therefore at low frequencies ZTR ∝ f and at high frequencies
ZTR ∝ 1/
√
f . In between the two regimes ZTR reaches its maximum value, as illustrated
in Fig. 4.
3 Results
In this section first the ideal case of a rotationally symmetric structure is studied
for comparison with analytic predictions by the Burov-Lebedev formula [3]. Then the
concrete case of two jaws as currently used in a bench measurement set-up is examined
and finally an LHC graphite collimator is considered. The aperture and the wire set-up
are identical for all studied geometries. The common parameters are listed in Table 1.
The simulations were done at distinct frequencies, with one point per decade. In the
plots the simulation results are represented by markers and the analytic calculation by
solid lines. ZTR is normalized to the unit length.
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Parameter Unit Value
beam aperture mm 10
wire radius mm 0.5
wire spacing mm 1
structure length mm 5
graphite conductivity S/m 6 · 104
copper conductivity S/m 6 · 107
Table 1: Parameters common to all simulation set-ups.
















Graphite without space, simulation
Graphite with space, simulation
Graphite without space, analytical
Graphite with space, analytical
Cu without space, simulation
Cu with space, simulation
Cu without space, analytical
Cu with space, analytical
Figure 5: Comparison between numerical simulations and analytic calculations of ZTR
for a rotationally symmetric structure. Copper and graphite are used; on the outside a
PEC is placed either directly on the DUT or at a distance of 30 mm.
3.1 Round geometry
Fig. 5 shows the results for a rotationally symmetric DUT with 10 mm thickness. Cop-
per and graphite were considered, and the outside boundary is either PEC directly
touching the DUT or PEC at a distance of 30 mm. In the latter case ZTR is about a
factor two larger at low frequencies, while there is no effect at higher frequencies, since
the skin depth is much smaller than the DUT thickness and the currents are concen-
trated in the innermost layer of the DUT. For copper ZTR peaks at lower frequencies
than for graphite, which is a well-known effect in the LF regime, since at a few 100 Hz
most of the current still flows in Cu while graphite is already largely transparent to the
H field and the induced currents are low. Due to the fixed mesh size in the DUT the
results for copper get less reliable above 10 to 100 kHz. Except for this case the agree-
ment with the theory is excellent. To check whether the small slice thickness impacts
the results a twice as long structure was simulated. No significant change in ZTR was
found.
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Flat graphite without space, analytical
Flat graphite with 220 mm space, analytical
Flat Cu with space, analytical
Graphite block without space
Graphite block with 220 mm space
Cu block with 220 mm space
Figure 6: ZTR for the bench measurement geometry: two flat jaws made of copper or
graphite.
3.2 Bench measurement geometry
Recently bench measurements for the LF ZTR were set up. Two 10 mm thick and
100 mm wide plates were used. The simulation results for this structure are shown in
Fig. 6. For the analytic calculations the usual round geometry Burov-Lebedev formula
was used with the Yokoya correction factor of pi2/12 for an infinitely extended flat
geometry. For graphite directly backed by PEC good agreement with theory was found.
The simulation results are slightly higher than analytical values, while is due slightly
different geometries (blue markers and blue curve, finite width vs infinitely extended
plates). To get a good approximation of the measurement set-up, where the plates are
far away outside conductors, a “large” space of 220 mm was inserted between the DUT
and the surrounding PEC (red curve). This increases ZTR, but now the simulation
results are below the analytic curve, which is again a result of the finite graphite width
in the simulation. The magnetic field lines which close in the space behind the graphite
do not induce losses, which reduces ZTR. Both theory and simulation predict that there
is not a large difference between PEC spacings of 30 and 220 mm, about 10%.
3.3 Collimator
An LHC graphite collimator was considered next [12]. Fig. 8 shows the technical drawing
of one jaw and the simplified model for the simulation. The metallic structures behind
the graphite absorber were replaced by a single L-shape copper clamp. The graphite
thickness in the model is 25 mm, the full graphite jaw height 65 mm and the copper
clamp thickness 5 mm. Between the jaws and the surrounding PEC a space of 25 mm
was inserted, which represents the spacing to a metallic vacuum tank.
Fig. 8 illustrates the frequency dependence of the current distribution in the collimator
jaw. At very LF (1 Hz) most of the current flows in the surrounding PEC, few in the Cu
and extremely few in the graphite. At 100 Hz the graphite is still largely transparent
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(a) Technical drawing of one collimator jaw. The
graphite absorbers are colored grey, the metallic
support structure next to it red. The beam is in
the center left of the graphite.
(b) The upper right quarter of the collimator
model. The relevant graphite jaw was kept but
the details of the metallic support structure sim-
plified. The beam is in the bottom left corner.
Figure 7: The geometry used for the simulation of the graphite collimator.
and ZTR is dominated by the copper. This changes at 10 kHz, when the skin depth
in graphite becomes equal to the jaw thickness. There are substantial currents flowing
in the graphite and ZTR is dominated by its contribution. At still higher frequencies
(1 MHz) the jaws are much thicker than the skin depth and the current is concentrated
on the top graphite layer. However, there are still currents flowing on the back side
of the copper since the graphite jaws were modeled as an open structure and a few
magnetic field lines reach the outside of the jaws. In practice this is not possible due
to contact springs on the sides of the jaws, although the contact resistance might have
an impact on ZTR .
The resulting transverse impedance is plotted in Fig. 9, black box markers. It shows
characteristic features of both copper with a bump at a few 100 Hz and of graphite with
the maximum at about 1 MHz. This agrees well with the analytic results for a flat three-
layer structure consisting of graphite, copper and PEC (black solid trace). The bump
at a few 100 Hz disappears when the copper layer is replaced either by air or by PEC,
which confirms that it is indeed related to the metallic support structure. However, in
the most relevant frequency range around 10 kHz the impedance is dominated by the
graphite and the effect of the metallic support is small.
It is interesting to note that according to the simulation at LF a graphite jaw in air has
a lower ZTR than one with PEC directly behind it (red pluses vs blue diamonds). This
is due to the fact that when there is a space behind the jaws some magnetic field lines
close there without contributing to the induced currents in the jaws. With a very good
conductor behind the jaws on the other hand all H field lines are forced to go through
the graphite, which increases the induced current density inside the DUT. Since the
structure width is smaller than in the bench measurement geometry considered in the
previous section this effect is still more pronounced.
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(a) f = 1 Hz. Most of the current in the
jaw flows in the copper. ZTR is low but
determined by the metal jaw.
(b) f = 100 Hz. The skin depth in Cu is
equal to its thickness. The copper jaw is
still the dominant contribution to ZTR .
(c) f = 10 kHz. Skin depth in graphite
equal to jaw thickness. Graphite takes over
current and starts to dominate ZTR .
(d) f = 1 MHz. Jaw thickness large com-
pared to skin depth in graphite, currents
concentrated at the jaw surface.
Figure 8: Current distribution in a composite collimator jaw from low to high frequen-
cies. The color coding is logarithmic and covers eight orders of magnitude between blue
and red.
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flat graphite on PEC, analytical
flat graphite with 25 mm space, analytical
flat graphite on Cu, then PEC, analytical
graphite jaws on PEC, simulation
graphite jaws with 25 mm space, simulation
graphite jaws on Cu with 25 mm space, simulation
Figure 9: Transverse impedance of the graphite collimator in Fig. 7(b). The values for
the full model (black boxes) show the features of copper (bump at a few 100 Hz) and
graphite (peak at about 1 MHz). For comparison an analytic estimate is added (black
solid trace) and more simplified geometries are plotted (red and blue).
Conclusion
Commercial simulation tools have been used to simulate the low frequency transverse
impedance of several structures. From the calculated 3D field pattern in the devices un-
der test <{ZTR} was calculated. For rotationally symmetric structures excellent agree-
ment with the Burov-Lebedev formula was found over the entire frequency range from
1 Hz to 1 MHz. Flat jaws as used in bench impedance measurements were considered as
well as an LHC graphite collimator. The impedance of the latter shows characteristics
of both the graphite absorbers and the metallic support structure.
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